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Abstract
Most of what is known about the structure and function of subunit a, of the ATP synthase, has come from the
construction and isolation of mutations, and their analysis in the context of the ATP synthase complex. Three classes of
mutants will be considered in this review. (1) Cys substitutions have been used for structural analysis of subunit a, and its
interactions with subunit c. (2) Functional residues have been identified by extensive mutagenesis. These studies have
included the identification of second-site suppressors within subunit a. (3) Disruptive mutations include deletions at both
termini, internal deletions, and single amino acid insertions. The results of these studies, in conjunction with information
about subunits b and c, can be incorporated into a model for the mechanism of proton translocation in the Escherichia coli
ATP synthase. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The ATP synthase from Escherichia coli is com-
posed of two sectors, and eight di¡erent subunits
[1^4]. The peripheral sector F1 is a complex of ¢ve
di¡erent subunits: K3L3QNA, and contains three cata-
lytic sites for ATP synthesis. The membrane sector
F0 is a complex of three di¡erent subunits: ab2c12. It
translocates protons in response to an electrochemi-
cal proton gradient across the membrane. This pro-
ton translocation drives ATP synthesis at sites in F1.
Subunit a is the largest of the three membrane-
bound subunits that are found in the F0 sector of
the E. coli ATP synthase. It contains 271 amino
acid residues, with a predicted molecular mass of
about 30 000 [5]. It is thought to form a mem-
brane-bound stator, along with two b subunits. The
b subunits are thought to compose the peripheral
stalk, extending from subunit a [6,7] in the mem-
brane to subunit N [8^10], near the amino-termini
of K [11,12] and L subunits. The known rotary part
of the ATP synthase in E. coli consists of Q and A
[13,14], which make up the central stalk. It is likely
that an oligomer of 12 c subunits also rotates, driv-
ing the rotation of Q and A, subunits during ATP
synthesis, although no direct evidence for this has
yet been reported.
Subunit a, like all of the subunits found in the
E. coli enzyme, is an essential component of the ap-
paratus for ATP synthesis [15]. Structurally, its role
seems to be to form a stable complex with the
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b subunits, and to form a dynamic interface with the
c subunits. It is likely that subunit a makes part of
the proton translocation pathway, although it is not
clear if any residues in subunit a are obligatorily
protonated or deprotonated during ATP synthesis.
There are di⁄culties associated with analysis of
subunit a. It has been isolated chromatographically,
but only in the presence of denaturants such as tri-
chloroacetate [15^17]. It was readily labeled by the
nonpolar photoactive reagent TID [18], but its solu-
bility properties made it impossible to analyze the
products by Edman analysis, as was done with b
and c subunits. As a consequence, the residues in
contact with the lipid phase were not identi¢ed. In
vivo, it cannot be overproduced [19,20], and it can-
not be found in membranes unless both b and c sub-
units are also present [21]. It is known to be a sub-
strate of the FtsH protease [22], and so it is probably
proteolyzed rapidly if it appears in a non-native
state. Therefore, even if subunit a is isolated, it is
not likely to maintain its native conformation in
the absence of b and c subunits.
Much of the insight into the structure and function
of subunit a has come from analysis of mutants.
These studies include (1) Cys mutagenesis for struc-
tural studies, (2) identi¢cation of functional residues,
and (3) disruptive mutagenesis. The results of these
studies, and other information about subunits b and
c, will be reviewed in light of recently developing
ideas about the mechanism of the ATP synthase.
2. Structural studies of subunit a using Cys
mutagenesis
This approach has been used by two groups [23^
27] for the purpose of structural analysis of subunit
a. More than 50 di¡erent residues of subunit a have
been replaced with cysteine, and the vast majority
function normally. These have been used for two
kinds of experiments, to date. Sulfhydryl reagents
have been used to probe surface-accessible regions
of subunit a [23^25], and disul¢de formation [26]
has been investigated with double mutants that also
contain Cys mutations in subunit c. Results from the
¢rst approach support a ¢ve-transmembrane span
model of subunit a, while the second approach has
demonstrated that the face of span 4, which includes
Arg210, is in contact with the second transmembrane
span of subunit c.
Three types of labeling experiments have provided
support for the ¢ve transmembrane span model of
subunit a, shown in Fig. 1. Valiyaveetil and Fillin-
game [23] analyzed 20 Cys mutants using a £uores-
cent maleimide (FM) reagent. They prepared mem-
brane vesicles of both orientations, and reacted them
with FM. Although many Cys residues tended to
react in both orientations, they were able to arrive
at a transmembrane model through quantitation of
the labeling intensity. Similar results were obtained
by Long et al. [24] using inside-out membrane
vesicles and the biotin maleimide reagent (MPB), in
conjunction with a more highly charge maleimide,
AMS. Cys residues could be distinguished on the
basis of whether prior reaction with the impermeant
AMS was able to block the reaction with the more
permeant MPB. Recently, Wada et al. [25] have de-
veloped a method to label subunit a in whole cells,
and the results also support the same ¢ve-transmem-
brane span model. In this method, cells are incubated
with MPB in the presence of PMBN, an antibiotic
derivative. This agent improves the permeability of
MPB across the outer membrane of E. coli cells. A
group of residues from regions thought to be peri-
plasmic from earlier studies can be labeled in whole
cells. In contrast, other residues thought to be cyto-
plasmic from earlier studies cannot be labeled. Thus,
a consistent model of ¢ve transmembrane spans,
shown in Fig. 1, is supported by three di¡erent label-
ing approaches using Cys residues. It should be men-
tioned that two approaches using antibodies have
identi¢ed the amino-terminus on the cytoplasmic
face [28,29], in contrast to the model shown here.
Further support of the model in Fig. 1 comes from
work on the yeast ATP synthase. By using a cross-
linking approach, Velours et al. [30] have localized
the amino terminus of the subunit a homolog, ATP6,
to the intermembrane space, analogous to the peri-
plasm here. For the remainder of this review the ¢ve-
transmembrane span model will be used. Since the
two models are essentially identical from residue 65
to the C-terminus [23^25,29], there is no signi¢cant
di¡erence when discussing functionally important
residues.
In a second approach, interacting faces of subunit
a and subunit c have been identi¢ed by disul¢de
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crosslinking. In a study by Jiang and Fillingame [26],
Cys residues were incorporated into subunit a over a
span of residues 206 to 225. Cys residues were also
incorporated into both transmembrane spans of sub-
unit c. Over 80 pairwise combinations of these muta-
tions were tested for the ability to form disul¢de
crosslinks, under a range of temperatures and oxidiz-
ing conditions. Prominent crosslinks were seen from
residues 207, 214, 221, 223, 224 and 225 of subunit a
to residues in the second transmembrane span of
subunit c, including residues 55, 62, 65, 69, 72 and
73. In subunit a these residues make a face of an K-
helix that also contains Arg210, a key function resi-
due.
3. Mutagenesis of functional residues
More than 75 missense mutants of subunit a have
been constructed and analyzed, not counting Cys
mutants [27,31^52]. Most have been generated by
site-speci¢c mutagenesis, which is typically guided
by the identi¢cation of conserved residues from
alignments of homologous proteins. Several rather
highly conserved residues, including Glu196,
Arg210, Glu219, and His245 were targeted in early
studies. They are found in the most highly conserved
region of subunit a, from residues 190^263, in the
C-terminal one-third.
Arg210 is the only residue of that group that is
strictly conserved among all species, including mito-
chondria and chloroplasts, and also that tolerates no
known amino acid substitutions. Residues that have
been tested at this position include Ala, Gln, Lys, Ile,
Val, and Glu [36,41,46,49,50]. These mutants typi-
cally assemble normal ATP synthase complexes,
and can hydrolyze ATP, but cannot translocate pro-
tons. Growth properties on succinate-minimal me-
dium indicates little or no ATP synthesis occurs.
ATP hydrolysis remains sensitive to the subunit c
reagent DCCD. These results provided early evi-
dence that subunit c exists functionally between sub-
unit a and the F1 ATPase. Recent reports indicate
that R210A is capable of limited passive proton per-
meability [41,49]. These results support the hypoth-
esis that Arg210 is not obligatorily protonated or
deprotonated during proton translocation through
F0. The inability of Lys to substitute for Arg210
[36] indicates that its pKa may not be high enough
to remain protonated in the membrane environment,
and/or that structural features of the guanidino side
chain, such as its multiple hydrogen-bonding ca-
pacity, are important. A second site suppressor of
R210Q was identi¢ed by Hatch et al. [41] as
Q252R by growth on succinate minimal medium.
This growth was considerably enhanced by the pres-
ence of a third mutation P204T, but ATP-driven
proton translocation could not be demonstrated. Cu-
riously, this triple mutant also had no passive proton
permeability, whereas in the same study R210A was
shown to be somewhat permeable to protons. It was
suggested that the triple mutant was not stable dur-
ing isolation of membranes.
Glu196 was the ¢rst residue in subunit a to be
mutagenized extensively. Nine missense mutations
were analyzed in 1988 [31,47]: Lys, Pro, Ala, Ser,
His, Gln, Asp, Asn, and Thr. In contrast to the
Arg210 mutants, only Lys and Pro were seriously
defective. In general, these nine mutants assembled
normally, hydrolyzed ATP in a DCCD-sensitive
manner and, to varying degrees, were able to drive
proton translocation by ATP hydrolysis. Interest-
ingly, both the rate of proton translocation and
the passive proton permeability depended upon
Fig. 1. The ¢ve-transmembrane span model of subunit a. The
28 residues in black were substituted by Cys, and have been la-
beled by sulfhydryl reagents with the indicated orientation.
More than 20 other residues, primarily found within the trans-
membrane spans, were resistant to labeling. Key residues
Arg210, Glu219, and His245 are indicated by gray shading.
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the charge and polarity of the substitutions: Glu
sAspsGln = Ser = HissAsnsAlasLys. These
results [31] indicate that protonation or deprotona-
tion of Glu196 is not obligatory during proton trans-
location, but suggest that this residue is near the
proton pathway.
The pair of residues Glu219 and His245 was sug-
gested to interact in a study by Cain and Simoni [35].
This study was motivated by the observation that
these residues are also conserved in mitochondria,
but that the positions are interchanged. Several ami-
no acid substitutions were made, including the dou-
ble mutant E219H, H245E, which was slightly func-
tional. In the early studies of Glu219, the following
substitutions were made: Gln, His, Asp, and Leu
[35,47,50]. Only Asp, and to a small extent His,
were functional, as measured by ATP-driven proton
translocation. In another study, the e¡ects of double
mutants including Glu219 were misinterpreted by
Vik and Antonio [53], demonstrating the risk of
drawing conclusions from a set of amino acid sub-
stitutions that might be too small. Later, substitu-
tions for Glu219 by Lys and Gly were shown to
permit growth on succinate minimal medium
[40,49], and to have signi¢cant ATP-driven proton
translocation. Again these results indicate that pro-
tonation or deprotonation of Glu219 is not obliga-
tory during proton translocation. The mutant E219C
was shown to be nonfunctional, but a second-site
suppressor was isolated, A145E, at another position
in subunit a, resulting in signi¢cant ATP-driven pro-
ton translocation [49]. These results, along with a
similar second-site suppressor of H245C (see below),
indicate that Glu219 and His245 are not likely to
interact directly, in view of the rather marginal ac-
tivity seen in the double mutant E219H, H245E. The
second site suppressor of Glu219 indicates that the
glutamyl side chain can be provided by a di¡erent
transmembrane span.
In early studies His245 was changed to Tyr, Leu,
and Glu [34,35,46,50], and in later work to Cys, Ser,
and Gly [49,51]. Only Glu and Gly showed any func-
tional activity, such as in ATP-driven proton trans-
location, but growth on succinate-minimal medium
was very limited. These results seem to rule out the
obligatory protonation or deprotonation of His245
during proton translocation. Interestingly, a second-
site suppressor of the H245C mutant was also found
in another region of subunit a, D119H [49]. The
second-site suppressor indicates that the imidazole
side chain can be provided by another transmem-
brane span. Furthermore, growth properties of
H245S were improved in the presence of 10^100
mM acetate, which may facilitate the entry of pro-
tons to the pathway, although enhancements in
ATP-driven proton translocation could not be dem-
onstrated in vitro [51].
In a study by Hartzog and Cain [39], two interest-
ing second-site suppressors were demonstrated within
this region of subunit a. They had noticed that many
species do not have a His residue at the position
corresponding to 245 in E. coli, but have Gly or
Glu. Those with Gly, have Lys or Asp at the position
corresponding to 218 in E. coli, while those with Glu
have Gly at the position corresponding to 218. In E.
coli, with His245, position 218 is occupied by Gly.
They showed that the mutant H245G was substan-
tially suppressed by either G218D or G218K. These
results seem to support the tight packing of trans-
membrane spans 4 and 5, in that one of the three
residues must be small.
Other potentially functional residues, including
Asp44, Asp124 and Arg140, were identi¢ed by Ho-
witt et al. [43]. Mutation of the Asp residues to Asn,
or the Arg residue to Gln eliminated passive proton
permeability through F0 stripped of F1. Further-
more, the E219H mutant could be suppressed by
R140H, suggesting that repositioning of transmem-
brane span 3 could enhance the ability of E219H to
function. On this basis it was suggested that Arg140
and Asp124 form a salt bridge, which is repositioned
when Arg is replaced by His.
Other conserved residues from the C-terminal re-
gion have been studied after site-speci¢c mutagenesis,
such as Asn214 [32,36], Gln252 [37,50,53], and
Tyr263 [33,50]. Although these residues are essen-
tially strictly conserved, they tolerate a range of ami-
no acid substitutions. One generalization that can be
made about substitutions in this region of subunit a
is that the positively charged residues tend to be the
most deleterious.
A ¢nal note about studies of mutants in the ATP
synthase regards a recent publication by Boogerd et
al. [54]. They showed that the inability of ATP syn-
thase mutants to grow aerobically on succinate may
be due to the inability to transport succinate or other
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C4-dicarboxylates. This could explain why growth
on succinate minimal medium may vary according
to the background strain. It also cautions against
the over-interpretation of growth on succinate mini-
mal medium, when biochemical evidence for ATP
synthase function is lacking.
4. Analysis of disruptive mutations
Three di¡erent types of disruptive mutations in
subunit a have been constructed and analyzed. The
¢rst study was of a series of N-terminal and internal
deletions [55], which constituted accessible regions
located in the cytoplasm and periplasm. The second
study was of a series of truncations at the C-terminus
[33]. The last [51,56] was of a series of single amino
acid insertions throughout the C-terminal region of
subunit a. These studies provided insight into the
importance of di¡erent regions of the protein.
In a study by Lewis and Simoni [55], about ten
di¡erent deletions were constructed and analyzed
by testing for growth on succinate minimal medium,
and by preparing membrane vesicles. The membrane
vesicles were tested for ATPase function and for the
presence of subunit a by immunoblotting. Four re-
gions were shown to be especially interesting, and are
indicated in Fig. 2, along with a ¢fth region at the C-
terminus. The N-terminal region was shown to be
essential for the incorporation of subunit a into
membranes, both as an alkaline phosphatase fusion
at residue 125, and as a full-length protein. Two
regions had deletions that retained some function,
indicating that they are not important for function.
They included segments from 91^99 and from 163^
171 and 167^177. It could be concluded that the
fourth region, 120^124, was important for function,
because subunit a was found at high levels in the
membrane, but the ATP synthase was nonfunctional.
Other evidence now con¢rms that this region is im-
portant for function.
The signi¢cance of the C-terminus was examined
by construction and analysis of a series of chain-ter-
minating mutations [33]. Many bacterial homologs of
subunit a contain Glu and His residues at the
C-terminus, such as ^EEH in E. coli, but these resi-
dues were shown to be nonessential. Truncation of
four residues had no e¡ect at 37‡C, and at 25‡C
deletions of nine residues were tolerated. These re-
sults indicated that residues at the C-terminus of sub-
unit a did not contribute signi¢cantly to the proton
translocation pathway, or to functional interactions
with other subunits (see Fig. 2).
Single amino acid insertions of Ala or Gly are
known to be well-tolerated in globular proteins, un-
less they occur very near the active site [57,58]. Using
this rationale, Ala insertions were constructed at 13
sites in subunit a between residues 187 and 245
[51,56] (see Fig. 3). Insertions near Glu196 had little
or no e¡ect on function, such as ATP-driven proton
translocation. These results argue against a side-
chain linked proton translocation pathway through-
out this region, but do not rule out participation of
these residues in a water-¢lled channel. An insertion
after residue 212, near Arg210, caused total loss of
ATP-driven proton translocation. Interestingly, a
similar result was obtained with an insertion after
residue 222, while an insertion after 217, also near
Glu219, was not as deleterious. Those results sup-
ported the hypothesis that Arg 210 and Glu219
were not interacting directly, which is consistent
with their predicted locations on opposite faces of
Fig. 2. The e¡ect of deletions in subunit a. Deleted regions are
designated by bold circles. Deletions of the N-terminus seem to
prevent membrane incorporation of the remainder of subunit a.
The small deletion in transmembrane span 2 (120^125) disrupts
function, but not membrane incorporation. The three indicated
deletions on the cytoplasmic surface have relatively minor ef-
fects on function. Key residues Glu196, Arg210, Glu219, and
His245 are shaded gray.
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an K-helix. The insertion after residue 222 not only
lost all ATP-driven proton translocation activity, but
also showed much loss of its sensitivity of ATP hy-
drolysis to DCCD, indicating altered subunit inter-
actions with subunit c. Disul¢de crosslinking later
showed contact between subunit a and subunit c in
this region [26].
Analysis of further Ala insertions showed that in-
sertions after residues 225, 229 and 233 had only
small e¡ects on function. In sharp contrast, inser-
tions after residues 238 and 243 caused total loss of
function. The insertion mutant after 238 was most
similar to the one at 222, with indications that sub-
unit interactions were disrupted. Interestingly, an Ala
insertion just after His245 did not e¡ect activity.
These results indicate that residues on the periplas-
mic side of Glu219 and His245 may play an impor-
tant structural role in proton translocation. Further-
more, it seems unlikely that these residues interact
directly with residues in these transmembrane spans
towards the cytoplasmic surface, given the results of
insertions at 217 and 245.
5. Mechanism of proton translocation
The structure of F0 has been analyzed from images
generated by electron spectroscopic imaging [59] and
by atomic force microscopy [60,61]. These studies
indicate that F0 consists of a circular oligomer of c
subunits adjacent to a and b subunits. The oligomer
of c subunits would have 24 transmembrane spans,
according to recent results [62,63], while the ab2 unit
would have seven spans and two helical extensions
into the cytoplasm. About 37 residues at the N-ter-
minus of subunit a would be the largest segment of
polypeptide exposed in the periplasm. In the cyto-
plasm, subunit a contributes two large loops, consist-
ing of residues from about 64 to 100 and from about
169 to 200.
It has been demonstrated that ATP hydrolysis by
isolated F1 generates stepwise rotation of subunits Q
and A through 360 degrees [14,64,65]. Since it is
known that both Q and A have intimate contact
with c subunits [66^68], it is likely that the c subunits
must drive the rotation of Q and A during ATP syn-
thesis. There seem to be two general arguments in
support of the proposition that rotation of c subunits
in F0 drives the rotation of Q and A in F1. First, there
is the circularly symmetrical oligomer of c subunits,
which is inhibited by the modi¢cation of a single
subunit c by DCCD. This argues that all c subunits
are functionally equivalent. Unlike the situation in
the L subunits, which are large, and appear to have
£exibility at several hinge points [69,70], the c sub-
units appear to form a well-packed oligomer [63],
with extensive contacts between subunits. Second,
the functional residue of subunit c, Asp61, thought
to be a proton carrier, can be moved to position 24
[71], to form a functional double mutant A24D,
D61N [72]. In the nuclear magnetic resonance
(NMR) structure, these side chains are side-by-side,
but on di¡erent transmembrane spans [63]. If proto-
nation of Asp61 causes nonrotary conformational
changes in the c subunits that eventually lead to ro-
tation of Q and A, it seems unlikely that protonation
of Asp24 could cause the same kind of conforma-
Fig. 3. Single amino acid insertions in subunit a. Positions of
insertions are indicated by triangles. Ala insertions that had lit-
tle or no e¡ect on ATP synthase function are indicated by
open triangles. Ala insertions that caused total loss of ATP-
driven proton translocation are shown by black triangles. Ala
insertion that caused an intermediate loss of ATP-driven proton
translocation is shown by a gray triangle. Key residues Glu196,
Arg210, Glu219, and His245 are shaded gray.
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tional changes. Structural studies of the deproto-
nated subunit c by NMR might shed some light on
this possibility. Alternatively, both conformational
changes in subunit c and rotation of the oligomer
might be key elements of function.
A partial structural model of subunit a has been
built based upon the ¢ve transmembrane spans,
which are modeled as 18-residue K-helices. The face
of span 4 containing Arg210 is assumed to be point-
ing outward and interacting with subunit c. Residues
Glu219 and His245 are assumed to be facing the
residues at the sites of their second-site suppressors,
Ala145 and Asp119 [23]. Two residues proposed to
be engaged in a salt bridge, Asp124 and Arg140, are
assumed to face each other [43]. Other potentially
charged residues such as Asp44 are modeled to face
the rest of subunit a. Based on these preliminary
constraints, a three-dimensional transmembrane
model of subunit a is presented in Fig. 4A. The po-
sition of transmembrane span 1 shown here is arbi-
trary, because there is no evidence to indicate its rel-
ative location. It might be adjacent to spans 2 and 3,
or to spans 3 and 4.
The view in Fig. 4A is from the periplasm. It sug-
gests that Glu219 and His245 might be near each
other in a central channel in subunit a. Other resi-
dues such as Asp44 and Trp241 might be involved. A
side view is shown in Fig. 4B. Arg210 can be seen in
the upper right. As the transmembrane spans mod-
eled here are only of 18 residues, Arg210 should be
found somewhat closer to the center of the mem-
brane than is suggested. The other colored residues
are seen to be interacting near the periplasmic sur-
face. In this way, they could control access of ions to
subunit c, as part of a half-channel. An essential
feature of this half-channel would be to permit pas-
sage of protons or hydrated protons, but deny access
to sodium or other ions.
A model for proton translocation was presented
by Vik and Antonio [53] in 19941 and modi¢ed in
1998 [51]. The essential features of this model were
evaluated theoretically in 1998 [73]. Other rotational
models have also appeared [4,17,74^76]. In the model
shown in Fig. 5 [51], protonated Arg210 of subunit a
interacts with unprotonated Asp61 from one subunit
c, at site 1. A second subunit c, adjacent to the ¢rst
at site 2, is also unprotonated, and interacts with
Fig. 4. Structural model of subunit a. Eighteen residues from each transmembrane span are modeled as K-helices. (A) A view from
the periplasm, showing the extension of Arg210 towards a subunit c, and possible helix-packing within the transmembrane spans of
subunit a. (B) A view from the side, showing the extension of Arg210 towards a subunit c, and the clustering of the other marked res-
idues near the periplasmic surface.
1 Coincidentally, this model was remarkably similar to an un-
published model developed by W. Junge, Universita«t Osnabru«ck,
Germany (see [4,80]).
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subunit a. The remaining c subunits have a proto-
nated Asp61, and interact with the membrane lipids,
generating a high pKa state. In the model, the Asp61
interacting with Arg210 at site 1 can be protonated
from protons originating from the periplasm through
an access channel controlled by His245 and Glu219.
When this protonation occurs, the oligomer of c sub-
units is free to rotate such that the newly protonated
Asp61 can enter the lipid environment. This rotation
will be electrostatically driven, as the Arg210 will be
strongly attracted to the remaining unprotonated
Asp61 at site 2. This arrangement assures that rota-
tion is unidirectional. When rotation occurs, a pro-
tonated Asp61 of subunit c will move from the lipid
environment into contact with subunit a. In this en-
vironment the pKa of the Asp61 will be shifted down
due to the more polar environment, and the proton
will be released.
The role of Glu196, and perhaps other residues, is
likely to be to contribute indirectly to the polar en-
vironment of the Asp61 of the subunit c at site 2.
This ensures that the proton is released and that the
cycle will continue. The negative charge would help
to draw the released proton to the cytoplasmic sur-
face. The results of amino acid replacement discussed
earlier support this role. Therefore, the two half-
channels depicted in Fig. 5 are not equivalent, and
serve di¡erent purposes. A slightly di¡erent model
has been presented for the Na translocating ATP
synthase of P. modestum, in which only the periplas-
mic half-channel is invoked [77]. The Na ions
bound to subunit c can exit to the cytoplasm from
any site. At this time it is not clear if structural di¡er-
ences between the two ATP synthases necessitate
such di¡erences in the translocation mechanism.
The model presented in Fig. 5 can account for the
results of Dmitriev et al. [78], in which F0 was recon-
stituted from puri¢ed subunits a, b and c. The au-
thors observed that the subunit c mutant D61N
could be incorporated into reconstituted F0 at ratios
up to about 1:5 (mutant/wild type) before complete
loss of passive proton translocation was reached. By
comparison, the ratio for D61G was 1:9^11, which is
closer to one mutant per complex, as was also ob-
served for inhibition by DCCD [79]. In the model of
Fig. 5, the e¡ect of nonadjacent subunit c mutants in
F0 would be to reduce the rate of passive proton
translocation, but not to block it completely. When
Fig. 5. Model for proton translocation by the E. coli F0. The a^c interface is shown between the c12 oligomer and the single subunit
a. Asp61 residues at sites designated 1 and 2 are unprotonated, while the others are protonated. During proton translocation, Asp61
at site 1 is protonated through a half-channel that connects to the periplasm. Asp61 is deprotonated through a half-channel that ex-
tends to the cytoplasm.
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a mutant rotated into position 2, the electrostatic
driving force would now be absent, and rotation
would proceed only by Brownian movement. This
rate might be rather low, and would certainly ap-
proach zero if mutants occupied adjacent sites. For
most mutants, especially those with nonconservative
substitutions at Asp61, conformational factors might
also reduce the rate of rotation. In the example of
D61G, subunit a^c interactions might become too
favorable, and essentially eliminate the rotation by
Brownian movement.
6. Issues remaining in the structure and function of F0
The issue of whether the oligomer of c subunits
rotates during function is likely to be answered
soon, to some degree, by experiments using ATP hy-
drolysis to generate proton translocation. It will be
more di⁄cult to verify rotation in the direction of
ATP synthesis, but if all subunits are present, it
seems unlikely that the enzyme would operate di¡er-
ently in the two directions. Several issues remain re-
garding the structure and function of subunit a. By
what pathway do protons travel to reach Asp61, and
how are Glu219 and His245 involved in controlling
this access? Second, does subunit a contribute to a
proton exit channel from an Asp61 of subunit c to
the cytoplasm, and if so, what constitutes this half-
channel?
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